Apoptosis, a physiologically critical process, is characterized by a destruction of the cell after sequential degradation of key cellular components. Here, we set out to explore the fate of the physiologically indispensable nuclear envelope (NE) in this process. The NE mediates the critical nucleocytoplasmic transport through nuclear pore complexes (NPCs). In addition, the NE is involved in gene expression and contributes significantly to the overall structure and mechanical stability of the cell nucleus through the nuclear lamina, which underlies the entire nucleoplasmic face of the NE and thereby interconnects the NPCs, the NE, and the genomic material. Using the nano-imaging and mechanical probing approach atomic force microscopy (AFM) and biochemical methods, we unveiled the fate of the NE during apoptosis. The doomed NE sustains a degradation of both the mediators of the critical selective nucleocytoplasmic transport, namely NPC cytoplasmic filaments and basket, and the nuclear lamina. These observations are paralleled by marked softening and destabilization of the NE and the detection of vesicle-like nuclear fragments. We conclude that destruction of the cell nucleus during apoptosis proceeds in a strategic fashion. Degradation of NPC cytoplasmic filaments and basket shuts down the critical selective nucleocytoplasmic cross-talk. Degradation of the nuclear lamina disrupts the pivotal connection between the NE and the chromatin, breaks up the overall nuclear architecture, and softens the NE, thereby enabling the formation of nuclear fragments at later stages of apoptosis.
I
n contrast to the diversity of stimuli generating apoptosis, signaling and execution mechanisms are highly conserved (1) . The execution of apoptosis is mainly driven by caspases, a family of cysteine proteases (2) . Activation of caspases, in turn, occurs in many cases as a consequence of cytochrome c release from mitochondria (3) . The apoptotic program can also be initiated artificially by delivering a load of exogenous cytochrome c into the cytosol (4, 5) . Hallmarks of apoptosis are numerous. They comprise cell shrinkage; plasma membrane blebbing; detachment of chromatin from the NE; chromatin condensation; and partial degradation of key components of the NE, including a subset of NPC proteins (Nups) (6-9) and the nuclear lamina (10). The nuclear lamina is a fenestrated meshwork of lamin filaments (11) that, in higher cells, lines the nucleoplasmic face of the NE. It is closely connected with both the inner nuclear membrane and the underlying chromatin (12) , and provides anchoring sites for NPCs (13) . With respect to these connections, the nuclear lamina is believed to confer crucial overall structural and mechanical stability to the NE. Moreover, although the biochemical background of the cleavage of lamina proteins and Nups has been studied in considerable detail using biochemical methods, little is known about the resulting structural and mechanical changes of the NE during apoptosis. Investigations of structural and mechanical changes on biological samples such as the delicate NE can be carried out only with the help of atomic force microscopy (AFM). In contrast to electron microscopy, which is likewise a powerful tool for investigations at the Author contributions: A.K., S.L., and V.S. designed research; A.K. performed research; I.M. contributed new reagents/analytic tools; A.K., I.L., H.O., and V.S. analyzed data; and A.K. and V.S. wrote the paper. nanoscale, AFM has the unique property of being capable of performing structural (14) and mechanical (15) investigations on biological samples under physiologically relevant conditions (16, 17) . Here, we combine biochemical techniques and AFM to study changes in composition, structure, and mechanics of the NE during apoptosis, at the single molecule level and in physiologically relevant environments. For this purpose, Xenopus laevis oocytes were committed to apoptosis by microinjection of cytochrome c into the cytosol of oocytes, based on a previously published protocol (4) .
Results
Previous studies have demonstrated that cytochrome c induces activation of caspases in Xenopus cell-free systems (18, 19) and in intact oocytes (4) . In addition, oocytes were shown to reveal visible morphological cell-surface features, which mark cell death, on injection of cytochrome c into the cytosol (4). We initiated apoptosis in oocytes by direct microinjection of cytochrome c into the cytosol. Fig. 1A shows the apoptosis-promoting effect of cytochrome c (Ϸ2.5 h after microinjection), characterized by various features, with the growth of irregular blotchy patterns on the cell surface and the gradual loss of the sharp distinction between the animal (dark or pigmented) and the vegetal (white) poles counted among the most prominent ones. The observations described above clearly indicate that caspase activity has already begun, as further verified by DEVD proteolysis assays of cell-free extracts (see supporting information (SI) Fig. S1 ). Moreover, changes in the morphology of the cell surface were paralleled by marked changes of the surface and the interior of the cell nucleus, as can readily be seen under a conventional binocular microscope. NEs of nuclei, isolated manually 2.5 h after cytochrome c microinjection, seemingly flatten out (Fig. 1B Right) , compared with control NEs (solventinjected oocytes; Fig. 1B Left) , which are fairly folded. To highlight this observation, we induced both control and apoptotic cell nuclei to swell by the removal of polyvinylpyrrolidone (PVP, Mr ϭ 40 kD) from the nuclear isolation medium (NIM), where isolated nuclei were kept at all times. PVP compensates for the lack of macromolecules in NIM. It exerts a physiological oncotic pressure (as is the case in the cytosol of oocytes through the presence of yolk), which in turn prevents cell nuclei from swelling. As seen in Fig. 1C , whereas the NE of the swollen control nucleus (Left) retains its overall folded structure and its physical association with the chromatin, that of the swollen apoptotic nucleus (Right) almost perfectly flattens out and visibly loses its association with the chromatin. In addition, the ability of the nucleus to swell shows that the overall integrity of the NE remains intact. However, swollen apoptotic nuclei rendered very sensitive to mechanical damage soon burst open on their own (Fig. 2) . Furthermore, vesicle-like nuclear fragments were observed to form spontaneously (Fig. 2) . In a next step, NEs were structurally investigated with AFM at the nanoscale and in physiologically relevant environments (NIM). For mere structural investigations, NEs were chemically fixed and kept in NIM throughout. The purpose of fixation was to achieve a higher lateral resolution. For mechanical measurements, however, NEs were kept unfixed, as fixation was found to stiffen the NEs (data not shown). In the light of the observations made on both faces of the NE using AFM, it becomes obvious that the NE is disfigured during apoptosis. Below, we address changes in the nucleoplasmic face of the NE before moving on to describe changes occurring to the cytoplasmic face of the NE in parallel. (Fig. 3A ) is densely covered with a distinctive filamentous structure, the nuclear lamina, which is closely connected with NPCs. These in turn are decorated with a prominent intact nuclear basket, as shown in further detail in a magnified image (Fig. 3B) . One of the most striking differences on comparison of the AFM images of control NEs with those of apoptotic NEs is that the latter feature NPCs that have either partially or completely lost the nuclear basket, as displayed in Fig. 3D and in a magnified image of a single NPC in Fig. 3E . The degradation of the nuclear basket implies cleavage of key basket proteins. In this respect, Nup153 is of particular interest due to its paramount importance for NPC structure and function and its proposed role in anchoring the NPC to the nuclear lamina (20) . After induction of apoptosis in tissue culture cells, Nup153 was cleaved in a caspase-3-dependent manner and was absent from NPCs found in clusters (7, 21). Indeed, Western blot analysis using an antibody against the N-terminal domain of Nup153 (Fig.  3F) shows that the nuclear basket degradation observed with AFM is paralleled by cleavage of Nup153. Moreover, because the N terminus of Nup153 is known to reside on the nuclear ring moiety of the NPC (22, 23) , it is likely that the anchoring structures visible in Fig. 3E consist of the N-terminal fragment visible in Fig. 3F (Nup153 ⌬ II) . Another important structural component of the nuclear basket is Tpr. As proposed by Krull et al., Tpr is the major architectural component of the basket (23) . Like Nup153, Tpr was found to be degraded upon induction of apoptosis in HeLa cells (7). Western blot analysis reveals an early cleavage of Tpr (Fig. 3F) . Two fragments are visible, which, in contrast to the Nup153 fragments, seem to be further degraded and are no longer detectable after 240 min. These fragments may correspond to the filamentous basket structures which are still present at the NPCs after 150 min (Fig. 3 D and E) .
Up to this point, we have considered only the degradation of the nuclear basket, but this does not seem to be the only protein assembly that degrades during apoptosis, as implied in Figs. 3A and 3D. Another striking difference between Fig. 3A and Fig.  3D , apart from the presence or absence of the nuclear basket in control and apoptotic NEs, respectively, is that the nucleoplasmic face of the control NE is largely lined with the prominent nuclear lamina (filamentous network), whereas that of the apoptotic NE is largely deprived of any. This apparent difference is underlined by AFM-based surface roughness analysis, and direct evidence for the predicted degradation of the nuclear lamina in apoptotic NEs is provided by means of Western blot analysis. Surface roughness analysis is indeed performed on large NPC-free areas of the nucleoplasmic faces of both control and apoptotic NEs. NPC-free areas of the nucleoplasmic face of apoptotic NEs are observed to decrease their roughness by 44% (control: 10.1 Ϯ 0.42 nm, apoptotic: 5.7 Ϯ 0.31 nm) in comparison to NPC-free areas on the nucleoplasmic face of control NEs. This observation indicates a marked decrease in the content of the nuclear lamina of apoptotic compared to control NEs, which is indeed the case, as evident in Fig. 3F , which displays Western blot analysis and demonstrates an early disappearance of lamin B from apoptotic NEs. Because we don't see any degradation bands, we cannot rule out the possibility that lamin B was not cleaved but was just separated from the NE. In addition, we raised the question as to whether the degradation of the nuclear lamina results in impaired mechanics of the NE, as the nuclear lamina is largely assumed to confer not only structural but also mechanical stability to the NE. In an attempt to answer this question, we performed AFM-based nano-indentation measurements on the nucleoplasmic faces of both control and apoptotic NEs. For the nano-indentation measurements the so-called force volume AFM operation mode was applied (described in Materials and Methods and in more detail in SI Materials and Methods). In brief, we analyzed force curves as a function of the lateral position of the scanning AFM tip on top of the NE surface. These force curves show the indentation of the nucleoplasmic face of both control and apoptotic NEs as the tip loads the sample. By analyzing these force curves, we were able to determine the stiffness of the nucleoplasmic face of control NEs and to compare it to that of apoptotic NEs, with a lateral resolution on the scale of a few nanometers. Thereby, Ͼ16,000 force curves were analyzed for each image, to create stiffness maps (Fig. 4B ). These maps (stiffness is color-coded, bright being stiffer than dark) show that the NPC-free areas of the nucleoplasmic face of apoptotic NEs are significantly softer (stiffness values are shown in Fig. 4D ) than those of the NPC-free areas of control NEs (Fig. 4 B and C) . In other words, the decrease in the nuclear lamina content in apoptotic NEs results in softening of the NE. Yet, the nucleoplasmic face of control NPCs appears to be softer than that of apoptotic NPCs (Fig. 4B) . In this respect, it is most likely that the stiffness measured on the nucleoplasmic face of control NPCs largely represents that of the delicate basket, whereas the stiffness measured on the nucleoplasmic face of apoptotic NPCs represents that of the compact NPC ring, which is rendered free on basket degradation. Fig. S2 shows exemplary force-indentation curves of different areas from apoptotic and control NEs. The average stiffness values of the NPC-free areas are 6.14 pN/nm in the control and 4.40 pN/nm in the apoptotic case (Fig. 4D) . In other words, the NPC-free nucleoplasmic face of control NEs is 28% stiffer than that of apoptotic NEs.
The Cytoplasmic Face of the Doomed NE Is Deprived of the NPC Filaments. We also investigated structural changes on the cytoplasmic face of the NE during apoptosis. Fig. 5A shows the cytoplasmic face of a control NE, and Fig. 5B is a magnification revealing an individual NPC. The NPC rim is observed decorated by distinctive elevated structures, which most likely represent the cytoplasmic filaments, seen in further detail in the magnified image. At this point, we would like to stress that AFM fails to image such filaments in an elevated position because they are far too soft to resist the loading force (even reduced to a minimum). The filaments end up naturally collapsing around the NPC rim and are probably detectable only as elevated structures. Fig. 5D shows the cytoplasmic face of an apoptotic NE, and Fig.  5E is a magnification revealing an individual NPC. Closer inspection of both figures indicates that the cytoplasmic rim of apoptotic NPCs is smoother than that of control NPCs, probably as a consequence of degradation of the cytoplasmic filaments. Indeed, surface roughness measurements of the NPC rim show a decrease in roughness of 33% (control: 5.8 Ϯ 0.22 nm, apoptotic: 3.9 Ϯ 0.27 nm). Again, these observations correspond with the Western blots in Fig. 5F , which show a degradation of Nup358 and Nup214, two major constituents of the cytoplasmic filaments (24) . Alternatively, because we don't observe any degradation bands in the Western blots, removal of both Nups from the NE is conceivable. As Nup214 is required for the attachment of Nup358 to the NPC (25), its elimination from the NE may affect the presence of Nup358 at the NPC. Thus, the observed loss of Nup358 might partially be explained by the elemination of Nup214 from the NE.
Discussion
The present study demonstrates that apoptosis deprives the nuclear envelope of prominent structural and functional features: NPC cytoplasmic filaments and basket as well as the nuclear lamina, as schematically depicted in Fig. 6 . This assault on the NE disfigures both its nucleoplasmic and cytoplasmic faces and leads to NE softening. According to the gene gating hypothesis postulated by Blobel (26) , NPCs and the nuclear lamina contribute significantly to the maintenance of the threedimensional structure of the genome (26) . With respect to this hypothesis and the findings of the present study, it is presumed that the physiologically essential cross-talk between the chromatin and the NE is disrupted on degradation of the nuclear lamina and the nuclear basket during apoptosis. As the NE was found to soften and become delicate on degradation of the nuclear lamina, we presume that the nuclear lamina is of paramount importance for conferring not only structural but also mechanical stability to the NE, and thereby the cell nucleus as a whole. Moreover, the degradation of the nuclear lamina and the nuclear basket during apoptosis not only cuts off the cross-talk between the NE and the chromatin, but might also serve to facilitate the budding of micronuclei at late stages of apoptosis, as assumed by Lazebnik et al. (10). As mentioned above, the disfiguration of the NE structure was not limited to its nucleoplasmic face. Degradation of the nuclear basket was paralleled by degradation of the cytoplasmic filaments of the NPCs. Given the importance of the cytoplasmic filaments and the basket of the NPCs for selective nucleocytoplasmic transport (27) (28) (29) , we predict that the bidirectional active transport across the NE is at some point shut down, as part of the nuclear execution program. In fact, Ferrando-May et al. (7), have shown an accumulation of mRNA in the nucleus during apoptosis, which could be explained by defects in the nuclear basket, comparable to those observed in the present study. By contrast, the passive permeability of apoptotic nuclei increases during apoptosis (7, 30) . Since the overall structure of the NE remains intact, as seen in Fig. 1 
Conclusions
All in all, the present study shows that apoptosis leads to a degradation of NPC components essential to the physiologically critical selective nucleocytoplasmic transport. Parallel degradation of the nuclear lamina softens the NE, perturbs the overall architecture of the cell nucleus, and severely destabilizes the cell nucleus. This is likely to be a prerequisite for the packaging of the cell nucleus into nuclear fragments.
Materials and Methods
Preparation of Oocytes, Nuclei, and Nuclear Envelopes. The preparation of oocytes, nuclei, and nuclear envelopes was performed according to Kramer et al. (14) . Samples that were used for force volume measurements were kept unfixed. The other samples were fixed using 2% glutaraldehyde and 1% paraformaldehyde.
Microinjection of Cytochrome c. Typically, 50 nl aqueous solution of cytochrome c (Sigma) were microinjected into each oocyte by using a microinjector (OocytePipet; Drummond), resulting in a final concentration of 10 M. After injection of cytochrome c, oocytes were incubated at 18°C for the indicated times.
Assay of DEVDase Activity in Oocyte Cell-Free Extracts. The assay of DEVDase activity was performed according to Bhuyan et al. (4) .
Antibodies. The antibody against the N terminus of Nup153 (32) was a kind gift from Ian Mattaj (EMBL, Heidelberg, Germany). The anti-Nup358 antibody (33) was generously provided by Mary Dasso (Laboratory of Gene Regulation and Development, NICHD/NIH, Bethesda, MD). We are obliged to Douglass Forbes (University of California, San Diego, CA) for providing the anti-Tpr antibody (34) . The anti-Lamin B antibody (X223) was purchased from Progen, and the Mab414 was from Covance. Peroxidase-labeled secondary antibodies were purchased from Dianova.
Western Blot Analysis. Samples containing nuclei were prepared for each point in time (60 min, 150 min, and 240 min) after injection of cytochrome c. Controls (0 min) were injected with an equal volume of solvent. Samples were resolved on 10% SDS/PAGE gels according to Ludwig et al. (35) AFM. The application of AFM to NEs has been described in detail elsewhere (36) . OTR4 AFM tips (Olympus) were used. The images were recorded in tapping mode, with 512 lines per screen, at a scan rate of 1.5 Hz.
Data Analysis and Image Processing. AFM images were analyzed by using SPIP software (Image Metrology)
Force Curves, Force Volume Measurements, and Stiffness Maps. The principle of force volume measurement was described elsewhere (37) . The settings for the force volume measurements were as follows: Number of samples was 128 ϫ 128 ϫ 128 (x,y,z), scan rate was 9 Hz (force curves/sec), and the trigger threshold was set to 310 pN. Soft cantilevers with a spring constant of 0.01 N/m were used (MSCT; Veeco). All curves of a force volume measurement were analyzed automatically using the free software PUNIAS (http://site.voila.fr/ punias/).
Statistical Analyses. Data are presented as the mean Ϯ standard error of the mean (SEM). In each experimental series (solvent and cytochrome c), 10 nuclei were isolated. Statistical significance of mean values was tested with the unpaired Student's t test. P value was always 0.001 or less. 
